This study demonstrates that the envelope proteins of hepatitis B virus (HBV) could be incorporated into the lipid membrane of lentivirus pseudotype particles. The assembly procedure was initiated by the transfection of 293T cells with three plasmids: (i) a human immunodeficiency virus (HIV) packaging construct, (ii) a transfer plasmid expressing a reporter gene, and (iii) a plasmid expressing large (L), middle (M), and small (S) HBV envelope proteins. After 2 days, hepatitis B surface antigen and the antigenic forms of L, M, and S were detected at the cell surface by flow cytometry. Also, virus particles that were able to infect cultured primary human hepatocytes (PHH) were released. Under optimal conditions, 50% of PHH could be infected. In addition, the susceptibility of PHH and the resistance of other cell types to the pseudotype particles were similar to those observed for HBV and hepatitis delta virus (HDV), which shares the same L, M, and S. Furthermore, the infection of PHH by the pseudotype was sensitive to known inhibitors of HBV and HDV entry. These findings of specific and efficient infection of hepatocytes could be applicable to liver-specific gene therapy and may help clarify the attachment and entry mechanism used by HBV and HDV.
Thirty years ago, it was demonstrated that in an experimental situation, the envelope proteins of an unrelated animal virus could be incorporated into particles of vesicular stomatitis virus (VSV) to create pseudotypes (36) . This concept was subsequently extended using retrovirus vectors that expressed no envelope protein but that could nonspecifically incorporate the envelope proteins of other viruses. Many examples of retrovirus pseudotyping have since been reported (9, 29, 34) . Retrovirus vectors have the advantages of long-term expression of the transgene from the integrated provirus and the simplicity in modifying tropism by pseudotyping. Lentivirus vectors have an additional advantage among retroviruses in being able to infect both dividing and nondividing cells. As a consequence, these vectors are widely used in gene therapy and clinical trials to treat cancer, infectious diseases, vascular diseases, and monogenic diseases (9, 29) .
In addition to gene therapy, pseudotyped retroviruses are commonly used to study virus entry mechanisms. This is because the expression of viral attachment proteins, separate from the viral replication machinery, allows the specific study of early events in the viral life cycle. For example, retrovirus vectors pseudotyped with hepatitis C virus (HCV) or severe acute respiratory syndrome-associated coronavirus envelope proteins closely resemble wild-type HCV or severe acute respiratory syndrome-associated coronavirus in their tropisms, entry mechanisms, and sensitivities to entry inhibitors (2, 14, 28) . Furthermore, pseudotype viruses are safer than wild-type viruses and can be used in regular tissue culture facilities.
In contrast to studies with the envelope proteins of many animal viruses, little attention has been given to incorporating the envelope proteins of hepatitis B virus (HBV) into retrovirus particles. There are three HBV envelope proteins, known as large (L), middle (M), and small (S). They are co-C-terminal and share the entire S domain. Relative to S, M has an additional domain, pre-S2, at its N terminus. Similarly, relative to M, L has a pre-S1 domain.
Sung and Lai previously described the assembly of HBV envelope proteins onto a murine leukemia virus vector (30) . The resulting pseudotype viruses were assayed on primary human hepatocytes. About 1 in 5,000 cells was infected, as indicated by the expression of a reporter gene encoded by the vector. A serious problem in these studies is that primary human hepatocytes are essentially nondividing cells, and murine leukemia virus-based vectors are unable to integrate their DNA into nondividing cells. Therefore, we made use of lentivirus vectors based on human immunodeficiency virus type 1 (HIV-1), a virus capable of infecting both dividing and nondividing cells (23, 33) .
We describe here the production of HIV-based pseudotype viruses with HBV envelope proteins, including evidence for infection of primary human hepatocytes (PHH) with both efficiency and HBV envelope-directed specificity. Our findings have implications in three areas. First, they expand our understanding of the ways in which L, M, and S can be assembled into particles. Second, they will help clarify the as-yet-unknown mechanisms of HBV and hepatitis delta virus (HDV) attachment and entry (11) . Third, they may facilitate the use of lentiviruses with HBV envelopes to deliver specific sequences to hepatocytes in vitro and maybe also in vivo as part of liver-specific gene therapy.
MATERIALS AND METHODS

Cells and viruses.
Human embryonic kidney 293T and human hepatoblastoma Huh7 cells were grown in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum. Confluent monolayers of PHH on rat tail collagen in a 48-well configuration were obtained commercially (CellzDirect and Lonza Walkerville, Inc.) and maintained in Hepatostim medium supplemented with 10 ng/ml epidermal growth factor, receptor grade (both from BD Biosciences).
Cryopreserved primary woodchuck hepatocytes (PWH) (a gift of William Mason) were cultured and infected as previously described (32) . All cells were maintained at 37°C in 5% CO 2 . HDV and HBV were assembled and released from transfected cells as previously described (13) . Woodchuck hepatitis virus was obtained from the serum of an infected animal (a gift from William Mason).
Flow cytometry. 293T cells were seeded at 6 ϫ 10 6 cells per 10-cm-diameter plate. The next day, they were cotransfected, using calcium phosphate, with (i) pCMV⌬R8.2, to provide HIV proteins including Gag and Pol (18) ; (ii) pHXCMVlacZWP, to provide the lacZ reporter gene (34) ; and (iii) pSVB45H (a gift from Don Ganem), to provide L, M, and S (4). The amounts of plasmid (see above) were 10, 20, and 30 g, respectively. After 1 day, the cells were treated with 10 mM sodium butyrate to induce higher expression of the plasmids, and after one more day, the cells were detached from the monolayer with 0.5 mM EDTA in phosphate-buffered saline lacking calcium and magnesium and blocked with phosphate-buffered saline containing 5% fetal calf serum. Surface expression of HBV envelope proteins was detected using S-26, a monoclonal antibody specific for the HBV pre-S2 region (a gift from Vadim Bichko), followed by a dye-labeled secondary antibody. In order to detect intracellular envelope proteins, cells were permeabilized with a Cytofix/Cytoperm kit (BD Biosciences) prior to antibody staining. As a negative control, a nonspecific mouse monoclonal antibody of the same isotype was used as the primary antibody. For other studies, we substituted S-26 with an antibody specific for the S domain (Fitzgerald Industries). Cells were next incubated briefly with propidium iodide (PI), a dye that is taken up only by cells with a damaged plasma membrane and that stains the nuclear DNA. Cell suspensions were then washed and subjected to flow cytometry analysis using a FACScan apparatus (Becton-Dickinson). Data were analyzed using Flowjo 8.3.3 software. The percentages of PI-positive and -negative cells were determined for nonpermeabilized cells. Only PI-negative cells were analyzed for the expression of hepatitis B surface antigen (HBsAg) at the cell surface.
Lentivirus pseudotype production and characterization. 293T cells were seeded at 6 ϫ 10 6 cells per 10-cm-diameter plate. Cells were cotransfected with three plasmids (see above) and induced with sodium butyrate, as described above. In some cases, pSVB45H was substituted with pSVBX24H to express only the HBV S protein or by two plasmids that separately express HBV S and L (13). Another substitution was done with a plasmid to express the VSV G protein (28) . Two days after transfection, the medium was harvested, clarified, and used directly for infection or aliquoted and stored at Ϫ80°C. For the immunoblot assay depicted in Fig. 4 , the cells were lysed in a solution containing 50 mM Tris (pH 8), 5 mM EDTA, 150 mM NaCl, and 1% Triton X-100. The lysates were centrifuged to remove nuclei prior to immunoblot analysis.
Immunoblot procedures. Protein samples were heated at 70°C for 10 min in Laemmli buffer (16) prior to analysis on 12% precast gels (Duramide, Cambrex, or Nupage; Invitrogen). After electrophoresis and transfer onto nitrocellulose membranes, HBV envelope proteins, VSV G protein, and HIV p24 Gag protein were detected using rabbit anti-HBV S protein (Fitzgerald Industries), rabbit anti-VSV G (Bethyl), and monoclonal mouse anti-HIV p24 (Millipore), respectively, and infrared dye-labeled secondary antibodies (LI-COR). Detection and quantitation were achieved using a two-color infrared laser scanning apparatus and associated software (Odyssey; LI-COR).
Rate-zonal sedimentation. The lentivirus particles as well as subviral particles (SVP), HDV, and HBV were examined by rate-zonal sedimentation using procedures similar to those described previously by Gudima et al. (13) . We used gradients of 15 to 30% (wt/wt) sucrose in STE buffer (100 mM NaCl, 10 mM Tris [pH 8.0], 1 mM EDTA). After centrifugation in an SW41 rotor (Beckman) at 40 krpm for 80 min at 4°C, fractions of 0.75 ml were collected from the top. Aliquots of the gradient fractions were assayed for infectivity on PHH (as described below) as well as for HIV p24, VSV G, and HBsAg by immunoblotting or for the viral genomes by quantitative real-time reverse transcription-PCR (qPCR) assays. TaqMan primers and probes were used to assay for LacZ RNA, HDV genomic RNA, and HBV DNA (13) .
Lentivirus quantitation. RNA was extracted from pseudotype particles using Tri reagent (Molecular Research Center, Inc.) and treated with DNase (13), after which we quantitated the HIV RNA genome by qPCR using primers directed toward the 3Ј end of the LacZ gene. To provide an absolute quantitation for this assay, a fragment of LacZ cDNA was amplified by PCR using a primer containing a T7 RNA polymerase promoter. From this, RNA was transcribed in vitro by T7 RNA polymerase using a Ribomax kit (Promega). The RNA product was extracted and gel purified, and known amounts were used to calibrate the qPCR and thus to determine the amount of lentivirus assembly in units of RNA genome equivalents (GE) per ml of medium.
Immunoprecipitation (IP) procedures. Antibodies were first incubated with protein A-agarose beads (Invitrogen) in binding/washing buffer (150 mM NaCl, 50 mM Tris [pH 7.5], 1 mM MgCl 2 ). Beads were washed three times to remove unbound antibodies before being incubated with HIV(LMS) or HIV (G) particles. Unbound virus was removed by washing the beads three times in binding/ washing buffer. RNA was extracted from both immunoprecipitated particles and aliquots of the input material and assayed by qPCR to detect LacZ RNA.
Biological activity. The infectivities of HIV pseudotype viruses were tested on PHH, PWH, 293T cells, Huh7 cells, and HepG2 cells. After 3 days, the cells were fixed with glutaraldehyde and stained with 5-bromo-4-chloro-3-indolyl-␤-Dgalactopyranoside (X-gal; Fisher Scientific). Blue-stained cells were counted to determine the transducing units (TU). The cells were counterstained with DAPI (4Ј,6Ј-diamidino-2-phenylindole) (Sigma) to detect all nuclei and thus deduce the percentage of infected cells. Digital images were collected using a light microscope with a 10ϫ objective and processed using Photoshop 7.0 software (Adobe).
For the inhibition of infection, we used previously described immunoadhesins (IA): S1-IA and S1S2-IA (6) . Briefly, these IA contain the Fc region of a rabbit immunoglobulin heavy chain to which either the pre-S1 domain of L or both the pre-S1 and pre-S2 domains have been fused at its N terminus. As another inhibitor, we used a chemically synthesized and myristoylated peptide derived from the N terminus of L, as designed and generously provided by Stephan Urban (10). All three inhibitors are known to block the infection of primary human hepatocytes by either HDV or HBV (6, 10). As a negative control, we used S1-IA/G2A G13A, a mutant IA that does not block virus infection (6) . The inhibitors were added simultaneously with the HIV pseudotypes. For antibody neutralization studies, virus was incubated at room temperature for 30 min with antibody prior to infection. Typically, the infection of PHH was performed in triplicate. One set of cells was used to determine TU, as described above. Total RNA was extracted from the other two sets for assay of LacZ mRNA expression by qPCR, as described above. In Fig. 3 , these data were normalized to the amount of input RNA and are presented as average values, with the range of values indicated by error bars.
RESULTS
Expression of HBV envelope proteins on the surface of transfected 293T cells. The three envelope proteins of HBV, abbreviated here LMS, are cotranslationally inserted into the endoplasmic reticulum (ER) and, subsequently, within the ER or ER-Golgi intermediate compartment, facilitate HBV and HDV particle assembly and release (3, 15, 22, 31) . However, others have reported experimental situations where at least some of the HBsAg can actually be detected at the cell surface (25, 30) . Therefore, we undertook to confirm and extend such reports, with the ultimate aim of achieving the assembly of HIV vectors pseudotyped with LMS.
With this in mind, we carried out transient cotransfection of 293T cells with pSVB45H to express LMS along with one plasmid to express HIV Gag-Pol and another to express an HIV-based reporter RNA. At 2 days after transfection, the cells were collected and incubated with S-26, a pre-S2-specific mouse monoclonal antibody, followed by a dye-labeled secondary antibody. As a negative control, an aliquot of transfected cells was stained with a non-HBV monoclonal antibody of the same isotype. Cells were also stained with PI to detect cells that, through either damage or cell death, were permeable at the plasma membrane. The mean fluorescence intensity for such PI-positive cells was 50 times higher than that for the negative cells, and therefore, in the flow cytometry analysis, such cells, which represented 11% of the total, were easily gated out.
The results shown in Fig. 1A indicated that a significant fraction of the cells expressed HBsAg on the plasma membrane. Since the S-26 antibody recognizes an epitope within the pre-S2 region of L and M, we concluded that this region was not only in the plasma membrane but also exposed on the outside of the membrane. Figure 1B shows a separate analysis in which the cells were permeabilized prior to immunostaining. This further increased the mean fluorescence intensity by approximately 16-fold, consistent with the interpretation that the majority of the HBsAg were intracellular rather than on the cell surface. Similar results were obtained when 293T cells were transfected with the LMS plasmid only (data not shown).
The detection of at least some of the HBsAg on the cell surface is consistent with the ability to produce pseudotype particles with the pre-S domain exposed on the virion surface. We were also able to use a second antibody and detect surface expression of the S domain, which is present on L, M, and S (data not shown). Also, when cells were transfected with a construct that expressed only the S protein of HBV, we could detect expression at the cell surface (data not shown).
Production and quantitation of HIV pseudotype particles. It is known that transfection of cells with retrovirus-based plasmids expressing Gag and Pol proteins and a reporter RNA genome can lead to the assembly and release of RNA-containing virus-like particles from the plasma membrane even when specific envelope proteins are not present (27) . Given our results showing that HBsAg could be detected at the surface of transfected cells, we next asked whether LMS could be incorporated into HIV virus-like particles to produce pseudotype virus, designated here HIV(LMS).
293T cells were cotransfected as shown in Fig. 1 . After 2 days, the culture medium was clarified, and RNA was extracted and assayed by qPCR to detect the HIV-based RNA genome that contained the LacZ gene as a reporter. This assay was calibrated relative to known amounts of an in vitro-transcribed LacZ RNA standard. Thus, we could deduce the titer in GE per ml. The titer of HIV(LMS) was compared with that of HIV(S), a pseudotype containing only HBV S, and that of HIV(G), a pseudotype with the envelope glycoprotein (G) of VSV. The results are summarized in Table 1 . In this experiment, the amounts of the three pseudotyped particles exceeded 10 8 GE/ml. However, between separate experiments, the amounts of assembled particles ranged from 10 7 to 7 ϫ 10 8 GE/ml. It is interesting that when comparable cotransfections were performed in Huh7 cells, LacZ-containing GE were not detected in the culture medium, that is, at least 500 times less (data not shown). This might indicate that HIV genome assembly (even independent of the incorporation of proteins into the envelope) is severely limited in this liver cell line.
Infectivity of pseudotype particles. We tested the ability of these pseudotype particles to infect five different cell types: PHH, PWH, Huh7 cells, HepG2 cells, and 293T cells. Three days after infection, cells were fixed and stained with X-gal. Under these conditions, infected cells that expressed ␤-galactosidase produced blue staining, as visualized by light microscopy.
Representative results are shown in Fig. 2 . HIV(LMS) infected PHH but not PWH, Huh7 cells, or 293T cells. It also failed to infect HepG2 cells, another liver cell line (data not shown). This tropism for HIV(LMS) is the same as that for HBV or HDV (11) . In contrast, HIV(G) infected PHH, PWH, Huh7 cells, and 293T cells. This is consistent with the known broad tropism of HIV(G) (9) . The higher infectivity in the cell lines may be due to an enhanced efficiency of integration and/or reporter expression in dividing cells. As a negative control, HIV(S) was unable to infect any of these cells (data not shown).
In order to confirm that the PHH infected by HIV(LMS) were indeed hepatocytes, we made use of immunostaining to detect human albumin, a marker specific for hepatocytes, using procedures described previously for HDV infections (13) . We observed that virtually all cells, including those that stained as positive for lacZ, were positive for albumin (data not shown).
Data shown Fig. 2 were quantitated to determine the number of TU per ml of virus-containing medium, as summarized a Assembly was quantitated by qPCR for the LacZ reporter sequence to determine the HIV GE/ml.
b Infectivity was determined from assays at 3 days after infection of ␤-galactosidase-positive cells, where each positive cell is counted as 1 TU. The titer of the inoculum in TU/ml was deduced as the average result of infections performed in duplicate.
FIG. 1. Flow cytometry detected
HBsAg on the surface of transfected 293T cells. At 2 days after cotransfection, as described in the text, cells were collected and stained for expression of HBsAg and also for incorporation of PI. In the analysis, cells that incorporated PI were excluded as being those with a disrupted plasma membrane. The black and gray lines refer to cells that were stained either with a pre-S2-specific mouse monoclonal antibody (S-26) or with a nonspecific mouse antibody of the same isotype, respectively. A and B refer to staining carried out before or after cell permeabilization, respectively.
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on September 12, 2017 by guest http://jvi.asm.org/ in Table 1 . We can deduce that for HIV(LMS) on PHH, there was only 1 TU per 7,000 GE. A similar result was reported previously for lentivirus vectors (26) . A major contributor to the low infectivity per GE may be that the majority of GEcontaining particles have either no or insufficient envelope proteins to be infectious. For the experiment shown in Fig. 2 , about 10% of PHH were infected by HIV(LMS). From a number of separate experiments, this percentage ranged from 1 to 50. This major variation was not due only to the source of virus, because we were able to use identical aliquots of virus that had been stored at Ϫ80°C to infect different sources of PHH and still got variable results. Such variation was also seen for the infection of PHH by HIV(G). We therefore consider that the major contribution to the variation was in the PHH. Certainly, there were differences in the livers from which these PHH were derived (e.g., age and health condition of donor and maintenance of liver after removal from the donor) and variations in the procedures used by different commercial suppliers to establish hepatocyte cultures. The importance of donor differences was previously observed for PHH with HIV pseudotype viruses bearing the HCV envelope proteins (2) and in mouse liver with HIV(G) (21) .
Effect of inhibitors on the ability of pseudotype particles to infect PHH. The above-described results showed that HIV(LMS), like HBV and HDV, infected PHH but not cell lines, supporting the interpretation that these viruses use the same attachment and entry mechanisms.
To provide an independent test of this interpretation, we made use of recent findings that certain molecules block HBV and HDV infections (6, 10) and asked whether the same applied to the pseudotype viruses.
As described recently, we have shown that certain IA containing the pre-S1 region of the HBV L can act as specific and potent inhibitors of HDV and HBV infection (6) . Previous studies by others showed that chemically synthesized peptides can also inhibit infection (1, 10, 12) . It is considered that these peptides are competitive inhibitors that interact with the host receptor(s) and thus block virus attachment and entry (11) . We tested two immunoadhesins and one synthetic peptide. As summarized in Fig. 3 , all three inhibitors, when present at 50 nM, blocked the infection of PHH by HIV(LMS). These dose requirements were similar to what we have observed for the inhibition of infection by HBV and HDV (6). As one negative control, we tested S1-IA/G2A G13A, a mutant HBV S1-IA that lacks an essential myristoylation site (6) , and observed that it did not inhibit HIV(LMS) at 50 nM (data not shown). As an additional negative control, we observed that at 50 nM, one of the IA, S1S2-IA, was unable to inhibit the infection of PHH by HIV(G) (Fig. 3) .
In summary, these inhibitor studies further support the interpretation that HIV(LMS) infects PHH via the same receptor(s) as that used by HBV and HDV.
Assembly and infectivity of HIV pseudotype particles containing different ratios of HBV L and S proteins. In recent studies of HDV assembly, we demonstrated that the assembly of HDV RNA-containing particles and their subsequent ability to infect PHH could be controlled by the amounts of HBV L and S proteins available during assembly (13) . Therefore, we tested whether a similar regulation was exerted over HIV pseudotype assembly and infectivity. The results of such a comparison are summarized in Table 2 .
Consider first the ability to achieve assembly. HIV pseudotype assembly was achieved even in the absence of the L and S proteins. This is expected for a retrovirus, since the envelope proteins are not needed for assembly, and yet it is quite different from HDV assembly, where envelope proteins are essential. However, when L and S were present, there were some similarities between pseudotype and HDV assembly. Specifically, when L alone was expressed, the assembly efficiency was reduced, probably due to its known cytotoxic effects (35) . As the relative amount of S was increased, so was the assembly. These effects were more dramatic for HDV, where it is known that the increased expression of L reduces particle assembly (3, 13) . In addition, the differences in the extent could in part be because pseudotype assembly was done in 293T cells, while that of HDV was done in Huh7 cells.
These various forms of HIV pseudotypes and HDV were then tested for infectivity on PHH. The results for the two viruses were similar. For example, in both cases, particles assembled with HBV S only were not infectious. The L protein had to be present for infectivity to be detected. Again, these results support the interpretation that the HIV pseudotypes infect PHH by a mechanism not distinguishable from that used by HDV.
Rate-zonal sedimentation of pseudotype particles. Next, we used rate-zonal sedimentation to further characterize HIV(LMS) relative to HIV(G). From previous studies, we knew that rate-zonal sedimentation could be used to separate HBV SVP away from the larger HDV and HBV (13) . We used a similar strategy to test both the size and protein composition of the pseudotype particles.
The time of sedimentation on gradients of 10 to 30% sucrose was reduced relative to those previously used for SVP, HDV, and HBV (13) since lentivirus particles were expected to be larger, with an expected sedimentation value of about 580S (27) . After centrifugation, aliquots of the gradient fractions were assayed by qPCR for LacZ genomic RNA and for infectivity on PHH. The results for HIV(LMS) and HIV(G) are summarized in Fig. 4A and B, respectively. The distributions of genomic RNA and infectivity overlapped and were the same for both viruses. As expected, the distance sedimented by these pseudotypes was significantly greater than that for SVP, HDV, and HBV. Next, fractions containing HIV(LMS) and HIV(G) were pooled, as indicated by p, and examined by immunoblotting, in each case with comparisons to an aliquot of the cell lysate, as indicated by c. As shown in Fig. 4 , we were able to detect p24 in both viruses and VSV G in HIV(G). However, for HIV(LMS), we could not detect HBsAg in the virus, even though they were detected in the cell lysate.
The inability to detect HBsAg in the HIV(LMS) particles was puzzling since our biological assays of infectivity provided strong but nevertheless indirect evidence for the presence of these proteins (Fig. 2 and 3 and Table 1 ). Therefore, we carried out a more sensitive assay in which HIV(LMS) and HIV(G) were immunoprecipitated by rabbit polyclonal antibodies directed against HBsAg and VSV G. The IP results (percentage calculated by the average number of antibodyselected genomes relative to the average number of input genomes, with the standard deviations indicated) showed that HIV(LMS) was immunoprecipitated 0.56% Ϯ 0.25% and 0.33% Ϯ 0.35% with anti-HBsAg and anti-VSV G, respectively, and that HIV(G) was immunoprecipitated 0.51% Ϯ 0.07% and 3.25% Ϯ 2.90% with anti-HBsAg and anti-VSV G, respectively (IP was performed in duplicate for each of the two a HIV pseudotype assembly was initiated in 293T cells cotransfected with plasmids to express HBV L and S proteins in the series of ratios indicated plus two more plasmids to provide HIV proteins. As a positive control, HBsAg were replaced with VSV G. Particles were harvested from days 1 to 2. HDV assembly was done in Huh7 cells cotransfected with the same plasmids to express HBV L and S, together with pSVL(D3), to achieve HDV replication and assembly, as previously described (13) . Particles were harvested from days 6 to 9. The RNA extracted from these viruses was quantitated by qPCR to determine the assembly titer in GE/ml. Also, equal amounts of GE were used to determine the infectivity on PHH. For the HIV pseudotypes, this infectivity was measured after 3 days by LacZ staining to deduce the titer in TU/10 7 GE. For HDV infectivity, the total cell RNA was extracted after 6 days, the yield of HDV GE/cell was determined by qPCR, and the specific infectivity was defined as the ratio of output GE/cell to the input multiplicity of GE/cell (13) . The indicated values represent the averages of two measurements on duplicate samples. ND indicates values that were not determined.
FIG.
3. Several proteins were tested for their ability to inhibit infection of PHH by either HIV(LMS) or HIV(G). Two of the inhibitors, indicated as S1-IA and S1S2-IA, were immunoadhesins containing the pre-S1 or the pre-S1 and pre-S2 domains of HBV L, as previously reported (6) . The third inhibitor, indicated as peptide, was a chemically synthesized myristoylated pre-S1 peptide (10) (a gift from Stephan Urban). These inhibitors, at several concentrations as indicated, were added at the time of infection. Three days after infection, total cell RNA was extracted and assayed by qPCR to detect LacZ RNA. All infections were performed in duplicate, and the indicated levels of HIV infection, in arbitrary units, are average values and the ranges of these values.
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on September 12, 2017 by guest http://jvi.asm.org/ viruses and for each of the two indicated rabbit polyclonal antibodies; RNA was extracted from both total input and IP samples and assayed by qPCR to detect the LacZ genome). The ability of either antibody to specifically immunoprecipitate the pseudotype with the corresponding envelope proteins was both low and not significantly above that obtained with the negative control antibody. Furthermore, HDV mixed with HIV(LMS) could specifically immunoprecipitate Ͼ50% of input HDV genomes but not a significant amount of the HIV genomes (data not shown). Thus, while this result validates the IP procedure, we are still left with the interpretation that most of the HIV pseudotypes do not contain sufficient envelope protein to allow IP. This is consistent with our previous result showing that for HIV(LMS), there was only 1 TU per 7,000 GE. Similarly, others previously reported only 1 TU in 10,000 GE for another lentivirus vector (26) . Therefore, as another approach to provide evidence for HBsAg on the surface of HIV(LMS), we tested whether HBsAg antibodies could neutralize the ability of particles to infect PHH. Incubation with the same HBsAg antibody described above reduced infection by 14-fold, while a control rabbit serum failed to neutralize infectivity. Also, M18/7, a pre-S1-specific antibody (a gift from Wolfram Gerlich) reduced infection by sevenfold, whereas a mouse isotype control antibody did not block infection. These examples of an ability to neutralize infectivity, when combined with the data described above, support the interpretation that while the HBsAg of HIV(LMS) may be insufficient for extensive IP, they are nevertheless still present on the surface of the particles and are essential for infectivity.
In summary, studies of the assembled HIV(LMS) by immunoblotting (Fig. 4) and IP (see above) were unable to detect HBsAg on the surface of the particles. Indeed, it might be that many of the assembled particles are deficient in or even devoid of HBsAg. Nevertheless, for the particles that do infect PHH, four lines of evidence support the interpretation that HBsAg are present and with pre-S sequences exposed on the surface of the particles. First, HIV(LMS) infected PHH and these cells only ( Fig. 2 and Table 1 ), that is, the same tropism as HDV and HBV, which are known to depend upon HBsAg for attachment and entry (11) . Second, HIV(S) was unable to infect PHH, again consistent with the need for pre-S sequences to be present on the surface. Third, several soluble forms of pre-S sequences were able to block the infection of PHH by FIG. 4 . Rate-zonal sedimentation of particles released from transfected cells. A and B represent HIV(LMS) and HIV(G), respectively, assembled as described in the legend of Fig. 2 . In each case, particles were collected from the medium and examined by rate-zonal sedimentation, as described in Materials and Methods. As controls, parallel gradients were performed to determine the peak sedimentation values for HBV SVP, HDV, and HBV, similarly to a method described previously (13), with results indicated at the top. For A and B, individual fractions were assayed (Table 1) by qPCR for LacZ genomic RNA and for infectivity on PHH. The results of both assays are expressed in arbitrary units. For each gradient, the peak region, indicated by p, was pooled and concentrated by ultracentrifugation. These pooled samples and aliquots of the cell lysates, indicated by c, were examined by immunoblotting to detect HIV p24, HBsAg, and VSV G, as indicated at the right. In parallel, a sample of MagicMark (Invitrogen) was electrophoresed to provide the molecular mass standards indicated at the left. (Fig. 3) . Finally, two antibodies, specific for S and pre-S, respectively, were able to neutralize infectivity.
HIV(LMS)
DISCUSSION
The studies presented here have significant implications in three different areas. The first area is in adding to our understanding of the complex process of HBV assembly that was suggested to take place in the ER (22) or ER-Golgi intermediate compartment (15) . L, M, and S are inserted into the ER membrane cotranslationally, and for about half of the L protein, the pre-S region is then translocated into the ER lumen (19) . This translocation event is independent of the HBV nucleocapsid and can be subsequently detected on secreted virions and SVP (5, 24) . The dual topology of L supports its multiple roles in the viral life cycle, including attachment/entry and assembly (11) .
Two previous studies detected HBsAg at the surface of transfected 293T cells by flow cytometry and immunocytochemistry analyses (25, 30) . Our results by flow cytometry (Fig.  1) and infection (Fig. 2) support the interpretation that at least some of the pre-S has translocated and is exposed on the surface of both the cells and the released pseudotype particles. This surface expression of HBsAg might be a result of "leakage," that is, incomplete ER retention, as has been suggested for the HCV envelope proteins (14) .
It is well known that HIV capsid assembly and release are not dependent on envelope proteins (27) (Table 2 ). However, we observed a moderate reduction in HIV genome-containing particle production when increased amounts of L relative to S were used in pseudotyping (Table 2) . This was probably due to a nonspecific cytopathic effect since previous studies showed that the overexpression of the HBV L protein leads to ER retention and cytotoxicity both in vitro and in vivo (8, 35) . Furthermore, when L was used only in pseudotyping, the released genome-containing particles were not infectious ( Table  2) . We could not tell whether L only is not expressed on the cell surface or incorporated into HIV particles or whether infectivity requires S in addition to L. Flow cytometry and immunoblot analyses may help distinguish between these possibilities.
A second consequence of our studies is that they can help reveal the mechanisms by which HBV and HDV attach to and enter susceptible cells. Our data clearly show no difference in the specificities with which the HIV pseudotype infects cells relative to what we and others have previously observed for HBV and HDV infections (6, 11, 13) . Specifically, (i) the HIV(LMS) virus infected PHH but not PWH, Huh7 cells, HepG2 cells, or 293T cells (Fig. 2 and data not shown); (ii) the HIV(S) virus, which has no pre-S domain, did not infect PHH (Tables 1 and 3) ; and (iii) certain immunoadhesins and chemically synthesized peptides containing pre-S sequences inhibited the infection of PHH by HIV(LMS) (Fig. 3) . Thus, we expect that this pseudotype system provides a convenient approach to investigate the important and yet still unclear mechanisms of HBV and HDV attachment and entry.
A third consequence of our results is the potential use of lentivirus vectors with LMS as agents for efficient hepatocytespecific gene delivery. Retroviruses have offered great promise in gene therapy, and lentiviruses have the additional advantage of infecting nondividing and quiescent cells (20, 29, 33) . The HIV(LMS) virus was efficient in that it could infect up to 50% of cultured PHH. It was also specific, as mentioned above, in that it did not infect four other cell types that were tested ( Fig.  2 and data not shown) . Admittedly, more extensive in vivo studies are needed before we can justify the application of these lentivirus vectors in liver-specific gene delivery. With this caveat, our studies significantly advanced how lentivirus vectors might be used to target hepatocytes in the liver. While lentivirus vectors like HIV(G) have been used in experimental animals to target liver cells (23) , such vectors can infect cells other than hepatocytes, even though some vectors have been modified to include liver-specific promoters (17) . Compared to these vectors, HIV(LMS) provides additional liver specificity by infecting only PHH.
Obviously, lentivirus vectors with HBV envelopes offer significant advantages for battling liver-specific viruses, including HCV, HBV, and HDV, and for intervening in liver-specific deficiencies or diseases. For example, they can be used as part of combination therapies against chronic HBV/HDV by delivery to hepatocyte sequences that lead to the transcription of RNAs with antiviral activities, such as small hairpin RNAs (7), or to the translation of inhibitory proteins, such as HBV pre-S immunoadhesins (6) .
